This contribution describes an entirely new method for determining the neostress (present-day stress) in reservoirs using passive seismic data from surface arrays. Until now the only stress information available from passive seismic methods has been derived from the focal mechanism solutions of microearthquakes (MEQs). This method has several weaknesses:
Introduction
The stress state of unconventional reservoirs is a critical consideration in planning unconventional oil and gas development. Stress data is among the first collected when a new play or area is assessed. The orientations, relative and absolute magnitudes of reservoir stresses control the orientations and pumping pressures of hydraulic fractures. Conventional data on reservoir stress is limited to borehole measurements (e.g. Zoback, 2007) , information gleaned from microearthquake focal mechanism solutions, and velocity and velocity anisotropy information from 3D reflection seismic surveys. Borehole measurements are local, microearthquake focal mechanism solutions do not uniquely constrain the stress state, and seismic velocity is affected strongly by natural fracture systems and lithological anisotropy. This contribution is a preliminary report on a new stress inversion method based on passive seismic data recorded on surface arrays. Unlike other methods, the new method uniquely determines the average orientations and ratios of the three principal stresses in the rock volume represented by the TFI that is analyzed.
The technique is based on Tomographic Fracture Images (TFI), which are direct images of seismically active subsurface fractures. The inversion technique uses TFIs in the form of tessellated surfaces. An example of a tessellated TFI is given in Figure 1 . See Lacazette et al (2014) for a comparison of raster and vector TFIs. The inversion technique assumes that the cumulative seismic activity on the triangular TFI facets is a proxy for the slip tendency of the fracture represented by the facet. The method has the potential to fully describe the reservoir stress state. The method is still under development, but we expect to be able to extended this work to estimation of the stress magnitudes by incorporation of independent stress data and to areal and volumetric stress mapping by subsampling TFIs.
The first two sections of this manuscript describe Tomographic Fracture Imaging and Slip Tendency Analysis. The final section gives examples of using Slip Tendency Analysis for stress inversion. 
Method 1 -Tomographic Fracture Imaging℠
Tomographic Fracture Imaging℠ (TFI) is an extension of Seismic Emission Tomography (SET). TFI has been previously described in a number of publications Sicking et al, 2012; Lacazette and Geiser, 2013; Sicking et al, 2014) . SET was originally developed for nuclear test ban monitoring and is widely used with data from surface or shallow buried arrays for monitoring tectonic and volcanic tremor and in the oil and gas industry for determining hydrofracture-induced microearthquakes. The SET procedure is as follows:
1. Passive seismic data is recorded continuously throughout the time period of interest with a surface or shallow buried array using vertical component or multi-component receivers. More uniform grid geometries are preferred. 2. Similar to reflection seismic processing, the data is cleaned of coherent noise, static corrections are made etc. 3. Sonic logs, stacking or depth imaging velocities from reflection seismic data, checkshots, or VSP surveys are compiled into an initial velocity model with as much detail as possible. 3D spatially-varying, anisotropic velocity models can be used if adequate data is available. The initial model is fine-tuned using perforation shots or string shots. TFI (described subsequently) provides additional options for velocity model calibration by focusing seismic activity at the perforations. 4. Cubic voxels are defined for the study volume. Typical edge lengths are 25 ft. or 10 m. One-way travel times from every voxel to every receiver are computed using ray-tracing (Kirchhoff migration). 5. After aligning the traces from every receiver in time for each voxel, the semblance or other quantity (such as covariance) is computed for overlapping time windows to produce a five-dimensional data volume. The dimensions are the X, Y, Z coordinates of the voxels; the time-step; and the semblance.
TFI extends SET in the following manner: 1. The volumes computed for each time step are analyzed, edited, and summed to produce a stacked depth volume. The summation can represent minutes to hours or, in the case of ambient images, days. TFIs of individual frac stages typically represent the entire pumping time of a frac stage. 2. The stacked volume is then clipped to eliminate low-level noise leaving clouds of stacked semblance which represent cumulative seismic activity (Lacazette et al, 2014) . If coherent noise was not cleaned adequately at the trace processing stage it will become apparent at this stage. Random noise is largely canceled by the stacking process. Clipping is necessary because some low-amplitude false structure can be produced by random processes. 3. The Tomographic Fracture Images are produced from the clouds. In the simplest method, the surfaces are single-voxel thick raster images that represent the central surfaces of the semblance clouds. Single-voxel thick raster TFIs can also be generated by finding the highest activity surfaces through the clouds, which often correspond to the central surfaces. Tessellated TFIs are tessellated surfaces which can be generated either from raster TFIs or directly from the stacked semblance volumes. The former method is not used because it generates TFIs with an imprint of the processing grid. The process of generating TFIs directly from the stacked semblance volumes is described in Copeland and Lacazette (URTeC 2015, in press ), which provides a number of figures. Lacazette et al (2014) provides a comparison of raster and vector TFIs. TFIs discussed in this work were produced by this latter method which produces TFIs optimally with no imprint of the processing grid. Previous work shows how such tessellated TFIs are directly applicable to Discrete Fracture Network modeling (Lacazette et al, 2014) . This paper demonstrates a new use for these surfaces. Figure 1 provides an example of such a tessellated TFI.
TFI combines two multiplicative stacking steps resulting in great sensitivity. The initial stacking step is simply fold as in reflection seismic processing (trace fold). The second stacking step (time fold -summation of time steps) cancels random noise and accumulates spatially stable signals. (Again, coherent noise is removed in traceprocessing.) Both stacking steps cancel random noise and enhance stable signal. The time fold is a function of the length of the length and overlap of time steps. The trace fold is a function of the number of receivers. The product of trace and time fold for one hour of data typically exceeds 100 million for a surface array.
The SET method that is the basis of TFI is an important source of sensitivity. SET assimilates total trace energy. In other words, it incorporates all seismic activity, not just discrete microearthquakes. This aspect therefore incorporates energy from the following additional sources: Small microearthquakes are exponentially more abundant than large ones so that substantial energy is contained in earthquakes too small to be amenable to conventional microseismic methods. Long-Period, Long-Duration (LPLD) activity produces substantially more energy than microearthquakes during hydraulic fracture treatments Zoback, 2013a, 2013b) . Extended Duration Signals (EDS, Sicking et al, 2014 ) are low frequency P-wave emissions that persist for extended periods of time. Both LPLD and EDS are ignored completely by methods focused only on microearthquakes because they do not have distinct, pickable first arrivals and can persist for tens of minutes or longer. EDS likely represent fluid resonance and/or water/gas hammering (comparable to "singing pipes" in household plumbing). Such fluid resonance has also been reported by downhole microseismic workers (e.g. Tary and van der Baan, 2012) . SET captures total trace energy in individual time steps. Stacking of the time steps in the TFI process allows sensitive imaging of hydraulic fractures and natural fractures stimulated by increased fluid pressure.
TFIs represent the main fracture surfaces for two reasons: First, fracture mechanics shows stress concentrations around fractures and field (e.g. Vermilye and Scholz, 1998) and laboratory studies (e.g. Janssen et al, 2001) show that large fractures are embedded in clouds of smaller fractures and acoustic emissions that become exponentially more dense near the main fracture surface. Second, fluid resonance and hammering directly illuminate fracture flow paths.
The earth's brittle crust is in a state of unstable frictional equilibrium due to pervasive fracturing and behaves as a self-organized critical system (Leary, 1997; Zoback, 2007) . Frictional slip occurs in response to even very small stimuli (Gomberg et al, 1998) . Ziv and Rubin (2000) show that stress changes <0.01 atmospheres can cause slip. This unstable equilibrium is drastically disturbed by hydraulic fracturing as the added volume alters the stress state around the wellbore and reduces the normal stress on preexisting fractures by increasing their internal fluid pressure. Seismic waves are emitted as the rock releases stored elastic strain energy, some of which is provided by pumping.
Microseismic activity at great distances from a wellbore can indicate hydraulically conductive fractures even if frac fluid is not transmitted to these distances. A positive correlation between resolved shear stress on natural fractures and hydraulic conductivity is demonstrated by a large body of literature (see Hennings et al, 2012, and , for extensive references). Since microseismic activity is also a function of resolved shear stress on a fracture, positive correlation between seismicity and hydraulic conductivity is expected. Some seismicity generated by fracture treatments is "dry" seismicity, i.e. it does not directly indicate the presence of fracture fluid. Such dry seismicity results from the strain wave caused by inflation around the wellbore. However, even dry fractures are expected (in general) to be hydraulically conductive because of the aforementioned relationship. See Geiser et al (2012) and Lacazette and Geiser (2013) for additional discussion.
The previous paragraph requires an important caveat: Zones of high hydraulic conductivity may not produce much seismicity. For example, zones of heavy fault damage are weak and consequently may not support much shear stress. Also, high fluid pressures may not be reached if the hydraulic conductivity is high. Experience shows that patchy seismicity occurs along such zones.
Independent data sets have validated the imaging method in a number of studies Lacazette and Geiser, 2013; Sicking et al, 2014) .
Several variations exist on the processing flow. The high activity semblance cloud around the wellbore is a direct representation of SRV. The highest energy TFIs directly connected to the perforations show induced features. More subtle activity throughout the processed volume can be imaged. The former tends to show induced fractures while the latter illuminates the natural fracture system. Lacazette et al (2014) provide additional detail.
Method 2 -Slip Tendency Analysis
Slip tendency analysis provides useful insights into the distribution of past slip on faults and fractures and the ability to predict current and future behavior of these structures (Morris et al., 1996; Lisle and Srivastava, 2004; Streit and Hillis, 2004; Collettini and Trippetta, 2007; Moeck et al., 2009 ). Analysis of slip tendency (Morris et al., 1996) is predicated on:
(1) The ability to calculate the state of normal and shear stress for a fault or fracture of any orientation within a stress tensor (e.g., Ramsay, 1967) .
(2) The assumption that the resolved shear and normal stresses on a surface are strong predictors of both the likelihood and direction of slip on that surface (Wallace, 1951; Bott, 1959; Lisle and Srivastava, 2004) .
Slip tendency (Ts) is the ratio of maximum resolved shear stress to normal stress (τ/σ) acting on a surface and is therefore sensitive to the orientation of the surface of interest and the form of the stress tensor (Morris et al., 1996) . Values of slip tendency, therefore, are not direct measures of slip on surfaces, but represent the potential for slip in some applied stress state. The Navier-Coulomb failure criterion is an intuitive way of thinking about stress and faulting (e.g., Price, 1966, p. 27) . In this treatment, in order to form and cause slip on a fault, the applied shear stress must exceed some threshold value -the cohesive strength of the material -plus the frictional resistance to sliding on the fault surface. τ = S + μ.σ (1) Whether slip occurs depends not only on the value of σ, but also on the two constants S (cohesive strength) and μ (coefficient of friction). There is also likely to be a range of threshold values contingent upon whether a new fracture surface is being formed, an existing fracture with no cohesion is slipping, or an existing fracture with some limited residual cohesion is slipping (Figure 2 ). 
existing surfaces with limited cohesion, and (c) existing surfaces with no cohesion. σv is assumed to be σ1 (normal faulting) and therefore essentially constant for a given depth, magnitude of σ3 at any point in the rock mass would then determine whether slip would occur. Also shown is the relationship between the various values of slip tendency required for slip on optimally oriented surfaces.
In a rock mass under critical stress conditions, i.e., poised for failure, faulting is likely to occur on surfaces with high slip tendency orientations. Depending on the nature of the stress tensor, this range of orientations could be narrow or broad (Figure 3 ). There will therefore be a range of orientations represented in the population of faults that develops, and this range is a function of stress tensor characteristics (Morris and Ferrill, 2009) , and the material properties of the rock. Some threshold of shear stress is required either to initiate a fracture followed by slip or to reactivate an existing fracture by further slip; therefore not all slip tendencies will generate slip, there will be a lower bound below which faults can neither form nor slip, and so not all orientations will be represented in the fault population. For the example shown in figure 3 , if a slip tendency of 0.72 is required for any slip to occur, then the fault population should be limited to the orientations represented by poles in the red colored regions of the lower hemisphere projections. However, if a slip tendency of 0.56 is sufficient to cause slip on some surfaces, then the fault population should include orientations represented by poles in the yellow through red colored regions.
Over time, and under stable stress conditions, we would expect that fault orientations experiencing high slip tendency would accumulate more displacement than those with lower slip tendencies, and that some orientations would not be represented at all. Conceptually there would be a positive correlation between slip tendency and cumulative fault slip, but with a non-zero slip tendency intercept (Figure 4) . A slip surface that has a high slip tendency orientation will not necessarily have accumulated a large amount of slip, it may have been in the stress shadow of a larger slip surface and only have become active late in the deformation history. Because new slip surfaces may form at any time, surfaces with high slip tendencies may be represented by multiple displacement values from high to low, but surfaces with lower slip tendencies will only exhibit lower values of displacement (Figure 4) .
Use of slip tendency to estimate stress
It is well documented that the distribution of slip directions on variously oriented faults is sensitive to the stress state, specifically the stress ratio, that generates the slip, and many stress inversion techniques utilize this property to estimate stress conditions (Angelier, 1979 (Angelier, , 1984 Gephart and Forsyth,1984; Morris et al., 1996; Tezuka and Niitsuma, 2000; Blenkinsop et al., 2006) . Patterns of slip tendency are also sensitive to the stress ratio (Morris et al., 1996; Morris and Ferrill, 2009) , and can be used to estimate both paleostress and in situ stress states (McFarland et al., 2012) . Figure 4 . Conceptual form of the relationship between slip tendency and observed (cumulative) fault displacement. Data could fall anywhere within the shaded areas. Two bounding scenarios are illustrated, one with a narrow peak, the other with a broad peak. A narrow peak would be expected where rock properties are consistent through the rock mass; a broad peak would be expected where rock properties are inconsistent, leading to slip accumulation over a wide range of slip tendencies. Another factor affecting the shape of this distribution is the consistency of stress conditions, particularly orientation, over the time during which the faults accumulate slip.
There is a conceptual link between slip tendency and fault displacement -faults in high slip tendency orientations are likely to experience more slip per slip increment, and to accumulate more slip over time than faults in low slip tendency orientations. This is not a linear relationship, and is not likely to be continuous. For example, for a fault to form, the resolved shear stress on the putative fault must exceed both the frictional resistance to sliding plus a threshold value that represents the cohesive strength of the rock (equation (1); Figure 2 ). Once formed, and in terms of stress magnitudes, a fault can accumulate slip more readily than it can propagate if the cohesion of the fault is less than the cohesion of the intact rock (Figure 2 ).
Assuming a constant far-field stress tensor, the fault population will evolve by displacement accumulation on, and linking of existing faults, and nucleation of new faults. We postulate that existing faults with the most favorable orientations (highest slip tendencies) would accumulate the most displacement over time. In addition, newly formed faults would likely display a distribution about a mean close to the most favorable orientations. Interactions between faults developed as a result of overlap and the formation of relay structures could introduce a secondary population of faults reacting to local stress perturbations and with orientations at high angles to the dominant trend. Once linked into the predominant fault network, these secondary faults would continue to accumulate displacement but would have seemingly anomalous orientations (i.e., low slip tendency) with respect to the far-field stress system.
Identification of a best-fit stress tensor to fault data and extension to TFI analysis
Slip tendency can therefore be used as proxy for actual fault displacement. Here we define fault displacement using a modification of the method outlined by McFarland et al. (2012) . In this application, we assume that the cumulative seismic semblance of facets of tessellated TFI surfaces generated from hydraulic fracturing well completions can be used as a proxy for displacement. Our approach obviates the need for slip vector information from microseismic events for inversion. This allows evaluation of the quality of a candidate stress tensor based on the degree of agreement between the slip tendency values and the corresponding seismic semblance for a set of observed surfaces. Stress inversion is then achieved by identifying the stress state that optimizes this measure of agreement. The inverted stress tensor will be the tensor that best fits the input displacement/semblance data.
Example
In this section we present a test of the proposed new stress inversion method from a multi-stage horizontal well in the Marcellus Fm. in the Appalachian Basin, U.S.A. Additional examples will be provided in the presentation associated with this contribution. The TFI based stress inversions are tested against the independent data sets of wellbore stress indicators measured in borehole images and natural fracture orientations measured in borehole and outcrop. Figure 5 , top shows a TFI data set from the first well that was hydraulically fractured on a multiwall pad. The TFI represents all of the highest cumulative activity surfaces directly connected to the perforations of each stage and are interpreted to represent the induced fractures and strongly reactivated natural fractures (Near-Well TFIs in the terminology of Lacazette et al, 2014) . Figure 5 , bottom shows the principal stress axes resulting from inversion of the TFI together with the slip tendency of planar features as a function of orientation. Also shown are the stress axes resulting from the TFI-based inversion method and the average horizontal stress axes of Wilkins et al (2014) . The data of Wilkins et al (2014) are high-quality borehole data, from the area of this study, and are interpreted as the best available representation of the undisturbed (i.e. pre-frac) stress state at this pad. The two sets of stress data are in good agreement.
Additional insight into the TFI geometry is gained from looking at the orientation distributions of natural fractures. Figure 5 , bottom shows Kamb density contours of fracture poles. The lowest contour represents the 2σ significance level (Kamb, 1959) . Fractures measured in the borehole image of the pilot hole for the well are corrected for the sampling problem and are shown in transparent gray. Hachured contours show measurements of joints (natural extensional fractures) measured in the Pennsylvanian rocks that crop out in the general vicinity of the pad. The outcrop data are not corrected for the sampling orientation. Both J1 (roughly E-W striking) and J2 (N-S and NW-SE striking) joint sets are apparent in the subsurface data (Engelder et al, 2009) . Only the J2 joint set is visible in the surface because these strata were at or near the surface during Alleghanian deformation. Two sets of J2 joints are clearly defined in both data sets. These J2 sets represent two phases of the Alleghanian orogeny. Stress rotation during Alleghanian deformation is well-documented (Geiser and Engelder, 1983; Lacazette, 1991; Wise, 2004; Sak et al, 2014) . In this area, the rotation was about 45° clockwise, so that the early J2 joints strike NW-SE and the later joints strike N-S to slightly West of North (Lacazette, 1991) . The early J2 joints often show shear reactivation compatible with the late J2 orientation (Lacazette, 1991; Sak et al, 2014) .
Comparing the two diagrams of Figure 5 shows that the J1 joints accumulated the most seismic activity during fracing. This is expected because the stress data shows that this set is oriented so that it experiences a low normal stress and high shear stress. Although some orientations of the J2 joints show a high slip tendency, they generally show less activity because they are under high normal stress and hence less likely to have the normal stress offset by frac-derived fluid pressure. Nevertheless, the TFI shows subvertical features in a wide range of orientations. Many of these features are likely hybrid features due to laddering of activity between the J1 and J2 joints sets below the resolution of the TFI. Subsequent wells fracked on this pad showed greater activity on the J2 set and perhaps evidence of frac-induced stress rotation, although this work is ongoing as of this writing.
Conclusions
We conclude that the new method of stress inversion from passive seismic data described in this paper holds promise as a new and independent method for assessing reservoir stress. Wilkins et al (2014) . Black and gray arrows show respectively SHmax and Shmin from TFI based stress inversion. TOP -Density contour of 14,966 poles to TFI facets weighted for facet area. This is the entire TFI connected to the perforations. BOTTOM -Stress inversion results for the TFI shown in the top image and natural fracture orientations. Labeled white dots are the orientations of the maximum (σ1), intermediate (σ2), and minimum (σ3) principal stress axes. Color fill shows the slip tendency on a planar element as a function of the orientation of the pole to the element. Contours with transparent gray fill show density of poles to subsurface natural fractures measured in the pilot hole of this well. Contours with hachured fill show density of poles to natural fractures measured in outcrops in the vicinity of the wellpad.
